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1. FE model of the unit cell: details

The elastic parameters of the TPU foil have been determined using the testing machine at the
Institute of Mechanical Systems at ETH Zuerich. The material is considered incompressible and
its hyperelastic behavior is characterized with the Neo-Hookean material law. The strain-energy
function for this material model is given by [1],

W:§(11—3) (1)

where u is the shear modulus and /; the first invariant of the deformation tensor. The derived
material constants are summarized in Table 1.

Table 1: Neo-Hookean incompressible material constants of the TPU foil. Details about the material characterization
can be found in [2].

talmm]  u[MPal
0.025 15.486

Table 2 provides the material data utilized for modeling the strips. The strips are modeled
using the built-in composite layup tool in ABAQUS and each ply, with thickness 7,;,, is modeled
with its lamina properties. The adhesive layer, utilized for bonding, is included in the strip’s
layup. The adhesive is modeled as an isotropic material with Young’s modulus and Poisson’s
ratio as in Table 2.

The simulation is divided in three analyses. In the first one, the shape-forming phenomenon
is modeled. Here, the pre-stretching of the membrane is imposed by assigning a pre-defined
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Table 2: Properties of the materials used to manufacture the experimental specimens for this study [3, 4].

Eq Ey G2 Vi2 Loty Vs

(MPa) (MPa) (MPa)  (-) (mm)  (-)
M40J/513 ‘ 222000.0 7010.0 4661.0 0.314 0.040 0.60
E-glass/513 ‘ 40564.0 10884.0  4236.9 0.244 0.018 0.56
Stainless Steel 1.4310 ‘ 190000.0  190000.0 74803.0 0.27 0.130 -
Adhesive ‘ 1.0 1.0 0.38 0.3 0.130 -

stress field o, o7, in the initial step, calculated as:

o-xzdyzp(/lz—i) 2

where 4 = 1 + &. The frame and the membrane are bonded together using TIE constraints
along the common boundaries. The strips are bonded one to the other with TIE constraints. The
analysis converges to the the stable state with four inflection points. In the second one, with a
restart analysis, specific displacements fields are imposed, to snap to the state with zero inflection
points. Lastly, the cell is then snapped to the stable state with two inflection points.

Figure 1 schematizes the different boundary conditions imposed to the unit cell to perform
the analysis. In the bottom-left corner of the cell, four nodes are constrained in all degrees of
freedom during the whole simulation time. To move from the state with four inflection points
to the one with zero, an out-of-plane displacement is applied to two opposite corners of the
structure, while other nodes are hold at their z-displacement (see Figure 1, top-left). Afterwards,
the imposed displacements are released and the model converges to the new stable state. To
move to the state with two inflection points, we then applied a negative displacement to one
to the corners, while fixing the z-displacement of the opposite one (see Figure 1, down-left).
An automatic stabilization with constant damping factor 1 x 10~ command was used from the
second step of the analysis to avoid numerical instabilities due to snap-through of the strips. This
value has been selected by performing a sensitivity analysis, similarly to other studies [5, 6], and
the minimum value required for convergence was selected.

2. Bend-twist coupling effect on the multi-stability of a unit cell

Figure 2 shows the dependence of the stability behavior of a unit cell with &€ = 5%, L =
78mm, w = 8mm at the variation of E1 and GJ for a layup that shows bend-twist coupling. The
analysis is performed on a unit cell with strips with a layup of [+6, —6]; of M40J/513 laminate
with 6 € [0,45], and #,;, € [0.028, 0.055] mm. This layup shows bend-twist coupling, in fact, the
di¢ component of the compliance matrix is nonzero. Compared to the results with the [+6, —0],,
a larger area of the design space possesses a fully multi-stable behaviour, demonstrating that
laminates with bend-twist coupling term are enhancing the multi-stability.
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Figure 1: Total strain energy profiles of a cell is manufactured with M40J/513 epoxy pre-preg with [0]3 layup with details
about the boundary conditions of the FE model. The cell shows a fully multi-stable behavior with three energy minima.
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Figure 2: Parametric studies showing the dependency of the multi-stability behavior of a unit cell made with M40J/513
epoxy pre-preg and layup [+6, —6]; with 6 € [0,45] and 1, € [0.028,0.055]mm.

3. FE model of the meta-structure: details

The FE results of the nine different stable states of the meta-structure illustrated in Figure
4e of the manuscript are reported here in Figure 3a labeled from a to i. We implement in the
commercial software ABAQUS® 6.14-1 a geometrically nonlinear static Finite-Element Anal-
ysis (FEA). Reduced integration, S4R, shell elements are employed for the FRP laminates and
M3D4R membrane elements for the TPU foil. For this analysis, the materials have been modeled
identically to those of the unit cell. The strips have a layup of [0/90/0] of M40J/513 laminate,ply
thickness #,;, = 0.040mim, total length of the strips 226mm, and width 10mm. The membrane
pre-stretching is £ = 6%.

Nine different analysis are performed by imposing different boundary conditions in the first
step of the simulation, to induce a different type of buckled mode in the central unit cell. Table 3
and Table 4 summarize the different boundary conditions imposed in the first step of the analysis
for each of the nine analyses (a-i). We call Uy, U,, U, the displacements along the x- y- z- axis,
respectively, and ¢y, ¢, ¢, the rotations along the x- y- z- axis, respectively. The notation h;v;
with i, j € [1,4] indicates that the boundary conditions are imposed in the central node of the
intersection between the horizontal strip 4; and the vertical strip v; has illustrated in Figure 3b.
In the Table 3 and Table 4, we also illustrate when a an external pressure, p, perpendicular to the
x-y plane is applied at the area of intersection of two strips 4; and v;. In the second step of all
the nine analyses, all the boundary conditions are suppressed and for the node ~2v2 it is enforced
that (u, v, w, ¢, ¢y, ¢.) are fixed at their current value. An automatic stabilization with constant
damping factor 1 x 1078 command was used in the first step of the analysis to avoid numerical
instabilities as for the unit cell.
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Figure 3: 3 grid analysis. a) Nine stable states modeled with FE. b) Nomenclature utilized to illustrated the nodes where
the boundary conditions are imposed.



Table 3: Summary of the boundary conditions in the first step of the FE analysis for the stable configurations from a to e
of Figure 3

| a b c d e

hivl | (U, U,,U,) - Uy, Uy, U, - -
=1(0,0,0) G, by, b)) =
(0,0,0,0,0,0)
hiv2 | - U.=0 - p = 0.00001 -
hiv3 | U.=0 - - p = 0.00001 -
hiv4 | - U.=0 - - -
h2vl | - - - - U.=0
h2v2 | U, =0 Uy, Uy, prs by, ) U, =0 U Uy, Uy, ¢) Uy, Uy, Uz, ¢2)
=(0,0,0,0,0), =(0,0,0,0) =(0,0,0,0)
p =0.001

h2v3 | - U.=0 - U.=0 U.=0
h2vd | U. =0 - - - U.=0
h3vl | U.=0 - - - -
h3v2 | - U.=0 - p =0.001 -
h3v3 | U.=0 - - p =0.001 -
h3v4 | - - - - -
h4vl | - U,=0 - - U.=0
hdv2 | U.=0 - - U.=0 U.=0
hdv3 | - - - U.=0 U.=0
hdvd | U.=0 p = 0.00001 U.=0 - -




Table 4: Summary of the boundary conditions in the first step of the FE analysis for the stable configurations from f to i
of Figure 3

‘ f g h i
hivl | - U.=0 U, Uy, Uz, b2 0y) = -
(0,0,0,0,0)
hiv2 | - - - -
hlv3 | - - - -
hiv4 | - U.=0 U.=0 -
h2vl | U.=0 - - -
h2v2 | (U, Uy, Uy, ) = (U, Uy, U ) = (Un, Uy, Uy @ by) = (U, Uy, Uy, b, $y) =
(0,0,0,0) (0,0,0,0) (0,0,0,0,0) (0,0,0,0,0)
h2v3 | U, =0 U,, U, ¢.) = (U, dx, ¢y) = (U, ¢, by) =
(0,0,0) (0,0,0) (0,0,0)
h2vd | U.=0 - - -
h3vl | U.=0 U.=0 - -
h3v2 | U, =0 - Uy, ¢ Py) = Uz, ¢x, 9y) =
(0,0,0) (0,0,0)
h3v3 | U.=0 - - -
h3v4 | U.=0 U, =0 U.=0 -
hdvl | - - U,=0 -
h4v2 | - U,=0 - -
hdv3 | - U.=0 U.=0 -
h4v4 | - - - -




4. Other figures
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Figure 4: a) The 14 stable states of a fully multi-stability unit cell, taking into account the ones that are symmetric one
to another. b) Snapping between the two stable states of a not multi-stable unit cell made with stainless steel.
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Figure 5: FE model results of a unit cell made of [0]3 layup of M40J/513 laminate in its stable state with total of two
inflection points. Plot of the main curvature ki, k2, and i of the strips.
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Figure 6: Example of high wrinkling in the membrane in the FE model of a unit cell made with M40J/513 laminate with
[+20, —20, +20, —20] layup, € = 7% and aspect ratio p = 0.06 in its stable state with four inflection points.
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Figure 7: Example of stable states of a 3x3 grid made with Stainless steel strips with total thickness 0.1mm, pre-stretching
& = 5%, length L = 82mm and width w = 10mm.
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Figure 8: Manufacturing of a unit cell. Bonding of a unit cell to the bi-axially pre-stretched TPU foil prior to the self-
shaping of the structure. The TPU foil is stretched manually and hold in its pre-stressed state with the use of a steel frame
and some magnets.
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